A wealth of detailed information on charged and neutral, atomic and molecular systems has been provided by low temperature experiments utilizing the helium droplet technique in recent decades.^[@ref1]^ To fully understand the ion--molecule reactions in helium droplets, a detailed knowledge of the charge-transfer mechanism is of fundamental importance. For positive charges, this proceeds via a resonant charge-hopping process^[@ref2]^ that is terminated either by irreversibly forming a molecular helium cation^[@ref3]^ or by ionization of the dopant.^[@ref4]^ The situation is different for negative charges. Electrons solvated in liquid helium and in helium droplets form bubbles^[@ref5]^ with a radius in a range of 11--15 Å.^[@ref6]^ In the low energy range (\<20 eV), the formation of anions of molecules embedded in helium droplets is expected to occur via direct interaction with electrons and via intermediate metastable electronic excitation of a helium atom.^[@ref7]^ At higher electron energies (\>20 eV), direct electron interaction is the dominant mechanism.^[@ref8]^

The observation of unusually fast negative ions in bulk helium was first reported in 1969. However, in these ion mobility experiments, the anions could not be assigned.^[@ref9]^ Two years later, their existence was confirmed and these exotic fast negative carriers (EFNCs) were assigned to the anion He(1s2s2p ^4^P) (denoted simply as He^\*--^ in the following).^[@ref10]^ Since then, alternative assignments have been suggested for the EFNC, specifically to bubbles containing two electrons^[@ref11]^ and most recently to He~2~ (1σ~g~^2^ 1σ~u~ 2σ~g~ 1π~u~^4^Π~g~) anions (denoted simply as He~2~^\*--^ in the following).^[@ref12]^ He^\*--^ and He~2~^\*--^ have been intensively studied in the gas phase both by experiment^[@ref13],[@ref14]^ and by theory.^[@ref15],[@ref16]^

For the present work, it is essential to recall the following facts. The atomic anion consists of an excited metastable state He(1s2s ^3^S) (denoted simply as He^\*^ in the following), which due to its positive electron affinity of 77 meV can attach an electron.^[@ref15]^ He^\*--^ shows the characteristics of a He^+^ core surrounded by two loosely bound electrons.^[@ref17]^ The molecular helium anion has a similar structure. The electronically excited metastable state He~2~ (1σ~g~^2^ 1σ~u~ 2σ~g~^3^Σ~u~^+^) (simply denoted as He~2~^\*^ in the following) has a positive electron affinity of 0.233 eV.^[@ref18]^ The lifetimes of He^\*--^ and He~2~^\*--^ in the gas phase have been measured as 359.0 ± 0.7 μs (for the total angular momentum quantum number *J* = 5/2)^[@ref19]^ and 135 ± 15 μs,^[@ref14]^ respectively.

In this paper, we use an apparatus^[@ref8]^ in which a beam of pure neutral superfluid helium droplets is crossed with a beam of magnetically guided electrons of defined energy with an electron energy resolution \<1 eV. The electron impact energy was varied in a range from 19 to 59 eV. The anions formed at a certain electron impact energy are then analyzed according to their mass-to-charge ratio utilizing a time-of-flight mass spectrometer. From various mass spectra at different electron impact energies, anion efficiency curves can be derived. In these experiments, new insight into the physics of anion formation in helium droplets is gained by varying the mean size of the helium droplets by changing the helium droplet source conditions (stagnation pressure and nozzle temperature)^[@ref8]^ as well as the impact energy of the electrons. In addition, we dope the pure neutral helium droplets with sulfur hexafluoride, SF~6~, in order to explore the mobility of the helium anions and to reveal their role in charge transfer processes.

We find that the negative mass spectra of pure helium droplets (*N* ≈ 2.4 × 10^6^, *N* denotes the number of helium atoms in the helium droplet) measured with an electron impact energy of 22 eV are dominated by an intense He^\*--^ anion peak and a peak from He~2~^\*--^ which is 2 orders of magnitude smaller. The ion efficiency curves for both anions as a function of the electron impact energy are shown in Figure [1](#fig1){ref-type="fig"}a. For a better comparison of the yield of He^\*--^ with He~2~^\*--^ we multiplied the latter signal by a factor of 100. To analyze the resonant structure of He^\*--^ we fitted a triple-Gaussian function to reproduce the ion yield around 22 eV electron impact energy, which yields positions of maxima located at 22.0 ± 0.2 eV, 23.0 ± 0.2 eV, and 25.1 ± 0.5 eV, respectively.

![(a) He^\*--^ (black line) and He~2~^\*--^ (blue line) yields measured with *I*~el~ = 60 μA for droplets with *N* ≈ 10^6^ (*T*~0~ = 8.5 K, *P*~0~ = 23 bar). (b) Total negative ion yield measured with an electron current of *I*~el~ = 20 μA for droplets with *N* ≈ 5 × 10^5^.^[@ref20]^ (c) Yield of heavy water dimer anions in droplets with *N* ≈ 10^4^.^[@ref21]^ The ochre Gaussian peaks, which were fitted to the black He^\*--^ peak, agree well with the structures in the other curves.](jz-2014-00917z_0001){#fig1}

The three positions of the maxima are indicated with vertical, numbered lines in Figure [1](#fig1){ref-type="fig"}a. Three similar resonances are found about 22 eV higher in energy and are marked with vertical, numbered lines as well. These values are in good agreement with earlier reported maxima of resonant formation of anionic helium droplets,^[@ref20]^ shown in Figure [1](#fig1){ref-type="fig"}b. Figure [1](#fig1){ref-type="fig"}c represents the ion yield of dimer anions, (D~2~O)~2~^--^,^[@ref21]^ from helium droplets doped with heavy water. The behavior of these anions is characteristic of many negatively charged molecules and clusters extracted from doped helium droplets.^[@ref22]−[@ref24]^ The results of these two studies are presented to emphasize the role of helium anions for charge transfer reactions. The positions of all resonance maxima measured here are compared with earlier work for creation of negative droplets and water dimer anions (D~2~O)~2~^--^ in Table [1](#tbl1){ref-type="other"} and agree remarkably well.

###### Positions of the Resonance Maxima (in eV) and Relative Intensities in Brackets[a](#tbl1-fn1){ref-type="table-fn"}

  peak number (Figure [1](#fig1){ref-type="fig"})   He^\*--^[b](#t1fn1){ref-type="table-fn"}   He~2~^\*--^[b](#t1fn1){ref-type="table-fn"}   negative droplets[c](#t1fn2){ref-type="table-fn"}   (D~2~O)~2~^--^[d](#t1fn3){ref-type="table-fn"}
  ------------------------------------------------- ------------------------------------------ --------------------------------------------- --------------------------------------------------- ------------------------------------------------
                                                                                                                                             2.1 ± 0.1 \[0.52\]                                  1.55 ± 0.2 \[1.00\]
  1                                                 22.0 ± 0.2 \[1.00\]                                                                      22.3 ± 0.1 \[1.00\]                                 22.4 ± 0.5 \[0.63\]
  2                                                 23.0 ± 0.2 \[0.57\]                        22.9 ± 0.2 \[1.00\]                           23.3 ± 0.1 \[0.70\]                                  
  3                                                 25.1 ± 0.5 \[0.23\]                        24.8 ± 0.5 \[0.34\]                           25.6 ± 0.4 \[0.15\]                                 25.0 ± 0.5 \[0.16\]
  4                                                 44.0 ± 0.2 \[0.032\]                       43.8 ± 0.2 \[0.028\]                          44.0 ± 0.2 \[0.009\]                                43.4 ± 0.2 \[0.046\]
  5                                                 45.5 ± 0.2 \[0.022\]                                                                     45.5 ± 0.2 \[0.092\]                                 
  6                                                 47.2 ± 0.2 \[0.019\]                       46.7 ± 0.2 \[0.049\]                          51.8 ± 0.5 \[0.016\]                                46 ± 0.2 \[0.027\]
                                                                                               50.0 ± 0.5 \[0.030\]                                                                              49.7 ± 0.5 \[0.013\]

The intensities are normalized to the largest peak in each of the spectra.
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Data from ref ([@ref20]). The position depends somewhat on the droplet size.

Data from ref ([@ref21]).

The present experiments indicate that the formation of helium anions proceeds via a two-step reaction. First, the electron penetrates the surface of the helium droplet and excites a ground state helium to its first excited state to form a He^\*^ and a low-energy electron localized in a bubble. Because of the attractive polarization forces He^\*^ (which is about 200 times more polarizable than ground state helium)^[@ref25]^ and the electron combine and form He^\*--^, as illustrated in Figure [2](#fig2){ref-type="fig"}. As recently discussed,^[@ref26]^ both He^\*^ and He^\*--^ form large voids inside the helium droplet. The combination of He^\*^ with the electron is energetically favored since the total energy of a single bubble is less than that of two separate bubbles.^[@ref27]^ A single-step process seems to be highly unlikely, that is, the instantaneously attachment of the free electron with the excitation of the ground state helium to He^\*^, because the formation of a helium anion in the gas phase has not been reported yet.

![Cartoon showing steps in the formation of helium anions in a helium droplet. (a) Electron with an initial kinetic energy of 22 eV penetrates the helium droplet and excites a ground state helium to He^\*^. Because of penetration of the helium droplet and the excitation of a ground state helium, the electron has virtually no kinetic energy after localization in an electron bubble. (b) Polarizable He^\*^ and the electron bubble move toward each other due to charge-dipole-induced forces. (c) He^\*^ and the electron bubble combine and form a He^\*--^. The blue background is to indicate the helium environment and to illustrate the formation of voids.](jz-2014-00917z_0002){#fig2}

Considering the energy needed for the electron to penetrate the surface of the helium droplet (1.2 eV)^[@ref28]^ and the excitation energy required to form He^\*^ (19.8 eV) from ground state helium, the total electron impact energy required to form He^\*--^ inside a helium droplet sums up to 21 eV, which corresponds to the onset of the first resonance found in the ion efficiency curve of He^\*--^. The second and third maxima correspond to higher excited states of the helium atom, which we calculated employing the equation-of-motion couple-cluster method with single and double substitutions from the Hartree--Fock determinant (EOM-CCSD)^[@ref29]^ and a for helium anions designed basis set with multiply augmented diffuse functions.^[@ref26]^ At this level of theory, the second and third excited states of helium require energies of 20.9 eV for He(1s2p ^3^P) and 22.7 eV for He(1s3s ^3^S), respectively, to be formed from ground state helium. These values are in good agreement with known experimental values of 20.964 eV for He(1s2p ^3^P) and 22.72 eV for He(1s3s ^3^S), respectively.^[@ref30]^ Also, higher excited states will contribute to the ion formation of He^\*--^. However, these states are too close in energy to be resolved with the electron energy resolution of our ion source, which is \<1 eV. Therefore, we took into account only the first three excited states in the fitting procedure. The higher excited states which are close in energy contribute to the width of the third resonance, which is notably larger than for the first two resonances. For He~2~^\*--^, only two resonance maxima can be observed centered at 22.9 ± 0.2 eV and 24.8 ± 0.5 eV.

The formation of He~2~^\*^ or He~2~^\*--^ cannot proceed via dimerization from a He^\*^ or He^\*--^ and a helium ground state atom due to barriers that cannot be overcome at the low temperatures present in the helium droplets (0.37 K).^[@ref26]^ Again we use EOM-CCSD to explore the potential energy curves for the interaction of a helium ground state atom with the 12 lowest excited states of the atomic helium. In perfect agreement to the experimental results, we find that there exist only two excited states of the atomic helium that lead to a barrier-free dimerization with a ground state helium atom to produce an excited molecular helium. Only these excited states can attach an electron to form a molecular helium anion. The two states are He(1s2p ^3^P) and He(1s3p ^3^P) with an excitation energy of 20.9 and 23.0 eV, respectively. Considering the energy of 1.2 eV^[@ref28]^ required for the electron to penetrate the helium droplet surface we arrive at energies for the formation of He~2~^\*--^ of 22.1 and 24.2 eV, respectively, which are in reasonable agreement with the experimental findings.^[@ref31]^

We now turn to a key property of the two anionic helium species: their mobility inside helium droplets. Insight can be obtained from the negative charging of the heliophilic dopant SF~6~, which is located near the droplet center.^[@ref32]^ In Figure [3](#fig3){ref-type="fig"}a, we show the ion yield of He^\*--^, He~2~^\*--^, and SF~5~^--^ as a function of the pressure of SF~6~ in the pick-up chamber and therefore as a function of the average number of SF~6~ molecules picked up by the helium droplets. The increase in the SF~5~^--^ ion yield corresponds nicely to the exponential drop in the He^\*--^ yield, which suggests that He^\*--^ is highly mobile. The exponential decrease over more than 2 orders of magnitude corresponds exactly to the probability that the helium droplet does not pick up any SF~6~ molecules in the pick-up cell. In contrast, the two higher excited atomic helium anions formed at 23.0 and 25.1 eV, respectively, (states labeled 2 and 3 in Figure [3](#fig3){ref-type="fig"}b) are less affected and the molecular helium anions are almost entirely unaffected (Figure [3](#fig3){ref-type="fig"}a) by the presence of SF~6~ inside the helium droplet and are, therefore, far less mobile.

![(a) Yield of He^\*--^ (solid curve), He~2~^\*--^ (dash-dotted curve), and SF~5~^--^ (short-dashed curve) in a log scale as a function of increasing pressures of SF~6~ gas in the scattering chamber (*I*~el~ = 50 μA). The ions were formed at an electron impact energy of 22 eV in droplets with *N* ≈ 10^6^ (*T*~0~ = 8.5 K, *P*~0~ = 23 bar). The SF~6~ pressure is converted into the probable number of SF~6~ collisions displayed on the top abscissa. The small inset shows the resonant structure of the yield for He^\*--^ (solid curve), He~2~^\*--^ (short-dashed curve), and SF~5~^--^ (dash-dotted curve) measured under the same conditions. (b) Yield of He^\*--^ as a function of the electron energy for various SF~6~ pressures. The three resonances are marked with gray lines. Those labeled 2 and 3 are less effected by the SF~6~ pressure than the resonance 1.](jz-2014-00917z_0003){#fig3}

As estimated in ref ([@ref20]) from the total electron scattering cross section,^[@ref33]^ the anionic helium species will be created near the surface of a droplet with a maximum probability at a depth of about *D* = 1.5--2.5 nm. This depth is well defined because as electrons penetrate deeper they lose energy and are no longer in resonance. Because *D* is small compared to the radius of 37.7 nm of an *N* = 5 × 10^6^ helium droplet the anions will need to travel 15--25 times the penetration depth to reach and react with an SF~6~ molecule or cluster. Considering the polarizability of SF~6~ (6.55 Å^3^)^[@ref34]^ in comparison to the polarizability of He^\*^ (46.77 Å^3^),^[@ref25]^ as well as the distances between the electron bubble and the two mentioned species, it is reasonable that He^\*--^ will be formed instead of the electron bubble migrating toward the dopant in the center of the helium droplet. The charge transfer from He^\*--^ to the embedded molecules is also reflected in the similar shape of the ion efficiency curves of He^\*--^ and the embedded molecular anion (see inset in Figure [3](#fig3){ref-type="fig"}). The ion yield of SF~5~^--^ below 20 eV arises from low-energy electrons which are formed upon inelastic electron scattering with surface helium atoms and then react with SF~6~ molecules near the surface which are present in the case of multiple doping of the helium droplet.

Not only is He~2~^\*--^ less mobile than He^\*--^ but also heliophobic. Inspection^[@ref26]^ of the potential energy landscape of the two anionic species experienced by additional helium atoms, computed at the CCSD(T)^[@ref35]^ level of theory, reveals that the energy required to form the repulsive void around the molecular helium anion, in which no other ground state helium atom is found, is larger than the energy gained by surrounding the molecular helium anion with ground state helium atoms. The calculations reveal an opposite trend for the atomic helium anion. In this case, the energy gained by surrounding the anion is 2.75 times larger than the energy required to form the repulsive void. Therefore, the atomic helium anion is not only more mobile than the molecular helium anion, but the molecular helium anion will also be located on the surface of the helium droplet. According to our calculations, the interaction of He~2~^\*--^ with dopants embedded in the center of the helium droplets is strongly suppressed energetically as reflected in the nearly constant He~2~^\*--^ yield even at highest SF~6~ pressures in the pick-up chamber. The repulsive region in the potential energy landscape around the anionic helium species is a direct measure for the repulsive void formed inside helium droplets. The volumes of these repulsive voids are 838.46 Å^3^ for He^\*--^ and 8480.6 Å^3^ for He~2~^\*--^, respectively. The volume of the repulsive void for He^\*--^ corresponds to an effective radius of 5.85 Å, which is close to the reported radius of the EFNC of 7.3 Å.^[@ref36]^

The high mobility and energetically favored situation of He^\*--^, once it is surrounded by many helium ground state atoms, seems to be in contrast with the observation of He^\*--^ in the mass spectra. Therefore, we ask the question how are (these) anions ejected from the helium droplets? In Figure [4](#fig4){ref-type="fig"}a, we show the dependence of the He^\*--^ signal on the nozzle temperature and therefore the average helium droplet size. The electron impact energy was fixed at 22 eV for these measurements but two different electron currents, 160 and 10 μA, were employed. Both curves show a similar size dependence, but the onset for the He^\*--^ in these nozzle temperature scans is shifted to smaller cluster sizes for the higher electron current. The shift of the two curves is related to the probability of hitting one helium droplet with more than one electron.

![(a) Droplet size dependence of the helium anion yields measured for *P*~0~ = 23 bar and an electron current of *I*~el~ = 160 μA (solid line) and *I*~el~ = 10 μA (dotted line), respectively. (b) Electron current dependence of the helium anion yield measured for *P*~0~ = 23 bar and *T*~0~ = 9 K (black solid line) and of the molecular anion yield measured at the same conditions (gray solid line). The best fits can be achieved with quadratic function for the atomic helium anion and a linear function for the molecular helium anion. The electron energies were chosen at the peak of the distributions shown in Figure [1](#fig1){ref-type="fig"}a.](jz-2014-00917z_0004){#fig4}

In Figure [4](#fig4){ref-type="fig"}b we show the ion yield of He^\*--^ at a fixed electron impact energy as a function of the electron current for various droplet sizes. The quadratic dependence suggests that the He^\*--^ is released from large helium droplets via Coulomb repulsion from a second negatively charged species (i.e., electron bubble, He^\*--^ or He~2~^\*--^). This expulsion mechanism will also apply for other anions embedded in the helium droplets. In comparison, the yield of He~2~^\*--^ shows a linear dependence on the electron current, indicating that this ion resides on the surface, where it is simply desorbed due to the very weak interaction energies of He~2~^\*--^ with the neutral helium droplet.

The evidence of resonant He^\*--^ and He~2~^\*--^ formation in helium droplets upon electron impact and their remarkable mobility in helium droplets are the key findings of this experiment. This study provides the first clear evidence for the helium anion formation in helium droplets. The experiments and the calculations show that He^\*--^ is heliophilic, is highly mobile, and has a radius similar to that of the EFNC, thereby identifying it as the EFNC reported in bulk liquid helium. Using the example of SF~6~, the experiments show that dopant anions created at electron impact energies of about 22 eV are mediated by highly mobile He^\*--^ anions and not by electron bubbles, as previously assumed.^[@ref20]^ The single electron transfer from a He^\*--^ to a dopant embedded in helium droplets suggests the possibility that the two loosely bound electrons around the He^+^-core might open a new approach to form metastable aggregates of dianions in a well-defined quantum-mechanical regime.

Experimental Methods {#sec2}
====================

In the apparatus,^[@ref37]^ neutral pure He droplets, which were shown to be very cold (0.37 K) and superfluid,^[@ref38]^ are produced in a free jet of precooled ^4^He gas. After passing through the 20.6 cm long pick-up region, the droplets are bombarded by a magnetically guided electron beam with an electron energy resolution of 1 eV in a Nier-type ionizer. The newly formed negative ions are extracted by an electric field of about 50 V/cm and then accelerated to about 40 eV and focused into a commercial reflection time-of-flight mass spectrometer with a mass resolution *m*/Δ*m* ≥ 2000. There the ions undergo pulsed acceleration and are detected after a distance of about 1 m, which corresponds to flight times of about 3.3 μs (He^\*--^) and 4.6 μs (He~2~^\*--^), which are much less than the lifetimes of these anions.

Computational Methods {#sec3}
=====================

All calculations employed a specialized multiply augmented basis set based on the d-aug-cc-pVXZ, X = *T*, Q of Woon and Dunning,^[@ref39]^ but using a global scaling with a factor of 1/3 for the exponents of the diffuse functions (beyond the second least diffuse one) instead of angular-momentum-dependent scaling factors. The interaction energy between He~2~^\*--^ and a helium atom was derived at the CCSD(T) level of theory and corrected for the basis set superposition error.^[@ref40]^ Quantum chemical calculations concerning the energy of excited states were performed using the equation-of-motion coupled-cluster approach with single and double excitations based on a single Hartree--Fock determinant. As a reference state, we used the singlet ground state wave function of the molecular helium. As target states, the lowest lying triplet configurations were investigated. All calculations were carried out with the Gaussian 09 suite of programs.^[@ref41]^
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